As the electromagnetic gauge symmetry makes the electron stable, a new abelian gauge symmetry may be responsible for the stability of superheavy dark matter. The gauge boson associated with the new gauge symmetry naturally plays the role of dark radiation and contributes to the effective number of 'neutrino species', which has been recently measured by Planck. We estimate the contribution of dark radiation from the radiative decay of a scalar particle induced by the WIMPZILLA in the loop. The scalar particle may affect the invisible decay of the Higgs boson by the Higgs portal type coupling.
I. INTRODUCTION
Having no firmly established evidence for weakly interacting massive particle (WIMP) at the LHC and direct detection experiments below a TeV, we are motivated to consider dark matter in a heavier energy regime. If the dark matter particle is heavier than a TeV, however, some crucial difficulties arise as follows.
• Overclosure of universe: The annihilation crosssection, σv ∝ 1/m 2 DM , becomes small and leads to the overclosure of the universe with a large density, Ω DM > 1.
• Instability of dark matter: A heavy particle, in general, tends to be unstable if no symmetry principle forbids its decay.
• Lack of testability: In currently on-going or future running experiments, heavier dark matter well above a TeV range is hard to get tested [1, 2] .
Rather surprisingly, the overclosure of universe can be resolved in the case of superheavy dark matter in a mass window m DM ≈ 10 12−14 GeV. For a reheating temperature about 10 9 GeV, it has been shown that the superheavy dark matter, dubbed WIMPZILLA, provides nice fit to the observed dark matter abundance [3] .
However, the stability problem is worse for WIM-PZILLA with its extremely high mass. A global symmetry, such as R-parity in supersymmetry models, does not work since in the presence of gravity, especially in the vicinity of black hole, all the stable particles (strings and branes) should be associated with gauge symmetries [4] . An interesting observation is that the electron is stable due to the exact electro-magnetic U(1) em gauge symmetry in the standard model (SM). Here we consider the similar possibility that an abelian group U(1) H is responsible for the stability of superheavy dark matter. The gauge symmetry may originate from a compact group such as E 6 [5] . Just like the photon with U(1) em , a new * s.park@skku.edu massless gauge boson is associated with the new gauge symmetry and the presence of new gauge boson opens a new window of testability of WIMPZILLA!
The new gauge boson does not directly interact with the SM sector since it is associatively introduced for dark matter. We thus regard the new gauge boson as hidden photon or dark radiation. Dark radiation may have left the evidence of its presence in various circumstances in cosmological history of the universe. Indeed, recent observations show that there may exist non-standard model relativistic particles at the time of Big Bang nucleosynthesis (BBN) and also at the era of recombination shown in cosmic microwave background radiation (CMBR).
In the rest of this paper, we examine possible experimental tests of this WIMPZILLA associated dark radiation in BBN and CMBR [6] [7] [8] [9] [10] and also collider physics [11] based on a model, which is shortly introduced in the next section. In the following section III A, we calculate the expected amount of dark radiation from the hidden sector scalar decay then discuss how the scalar particle can affect the Higgs boson decay patterns in section III B. The summary is given in the last section.
II. THE MODEL
The model includes two new hidden sector particles: ψ and φ. A Dirac fermion field, ψ, is charged under the extra abelian gauge symmetry, U(1) H , and identified with dark matter. A massive scalar particle, φ, is neutral under the gauge symmetry as well as the standard model interactions but is responsible for the late time decay to dark radiation. The generic gauge invariant Lagrangian 1 is given by
1 The kinetic mixing term ∼ Fµν F µν H can be another source of communication between the hidden sector and the SM sector [12, 13] if there exists a bi-charged particle of both sectors, which is absent in the current model. where the 'Higgs portal' interaction with the coupling constant λ φH [14] is allowed.
Differently from the dark matter particle, which is protected by U(1) H , the scalar particle is unstable and decays to two hidden photons at one-loop level through the triangle diagram with the virtual ψ in the loop as can be seen in Fig. 1 . The decay width of φ is highly suppressed by the heavy mass of ψ:
where the structure constant is α H = g 2 H /4π. With reasonable choice of parameters, the life time can lie in particularly interesting epochs:
• the BBN epoch, t BBN ≈ O(0.1 − 1000)s,
• the CMB epoch, t CMB ≈ 3.8 × 10 5 yr ≈ 1.2 × 10 13 s, thus, in principle, we can test the idea of WIMPZILLA by observing dark radiation in these epochs.
III. OBSERVATIONAL BOUNDS
In this section, we consider dark radiation components seeing in CMB and BBN data and the possible contribution to the Higgs invisible decay at the LHC.
A. dark radiation
The effective number of relativistic degrees of freedom, N eff , is recently observed by Planck [15] , WMAP 9 year [16] and also BBN [17] : Compared to the SM expectation, N SM eff = 3.046 [18] , there exist some deviation in particular in WMAP9 and BBN results.
When φ never has dominated the expansion of the universe, but produced extra relativistic degrees of freedom by its decay [6] [7] [8] [9] [10] , the extra contribution to the effective number of relativistic degree of freedom, ∆N eff , is calculated with Y φ (= n φ /s)m φ and τ φ by a simple formula [6, 19] 
The primordial hidden photon γ H also contributes to N eff but the effect is small:
where we have used g * S,0 = 3.91 and g * S,γ H dec = 107.75 for the total degrees of freedom associated with entropy at present and the decoupling time of γ H . Finally, we get the total N eff with the SM contribution, the decay of φ and also the primordial γ H :
which we should compare with the observational results in Eq. (3), in particular, the Planck 2013 result. In Fig. 2 , we plotted ∆N eff,φ with the Higgs portal coupling λ φH ∈ (10 −5 , 10 −1 ) with respect to m φ in (10 0 , 10 2.5 ) GeV when the life time of φ is given as 10 −1 s (left), 10 2 s (middle) and 10 4 s (right), respectively. The left-lower regions below solid lines of 0.47 and 0.74 are constrained by the effective number of relativistic degrees of freedom limit from the Planck observation [15] at 1σ and 2σ level, respectively.
B. Invisible decay of the Higgs
Recently, ATLAS and CMS reported the discovery of a SM Higgs-like new particle with the mass of about 125 GeV [20, 21] . Having non-vanishing 'Higgs-portal' interaction, which induces communication between the hidden and visible sectors, the decay of the Higgs boson to the hidden sector scalar particles is available when 2m φ < m h . When the width to the invisible particles, i.e. a pair of φ's, is sizable, the decay process can be detected by the LHC experiment. A global fit analysis to all the Higgs search data provides a limit on the invisible Higgs decay width: BR inv < 0.19 at 95% C.L. assuming the SM decay rates for all the visible Higgs decay modes and BR inv < 0.28 at 95% C.L. allowing nonstandard values for h → γγ and h → gg modes [22] . We obtained a constraint on the Higgs portal coupling λ φH from the invisible Higgs decay limit. In this analysis, we used BR inv < 0.28 as a conservative bound and plotted in Fig. 2 . The upper left shaded region is excluded.
IV. CONCLUSION
Superheavy dark matter with m DM ≈ 10 12−14 GeV, dubbed WIMPZILLA, can satisfy the observed dark matter abundance but the stability of WIMPZILLA requires an explanation. In this paper, a new gauge symmetry U(1) H is introduced to stabilize WIMPZILLA just like the electromagnetic gauge symmetry to the electron. The gauge boson associated with the new gauge symmetry is naturally interpreted as dark radiation and provides possible observational consequences in CMBR and BBN data. The abundance of dark radiation is determined by the late time decay of a scalar particle, which is radiatively induced by WIMPZILLA and the result is compared with the recent Planck 2013 data. If the scalar particle is light enough, it also contributes to the invisible decay of the Higgs thus is constrained by the LHC data. 
